Abstract-Due to the increasing demand of high data rate in recent years, orthogonal frequency division multiplexing (OFDM) and Direct up conversion transmitters (DCT) have gained significant interest. However such system's efficiency can be compromised by front-end impairments such as In-phase Quadrature (I/Q) imperfections. In this paper the effects of IQ imbalance on transmitter is studied and an adaptive algorithm is developed to compensate such distortions. Simulation results show high level of accuracy in the proposed algorithm and its ability to estimate the IQ imperfections. It also shows that the proposed compensator could overcome the imperfections perfectly.
I. INTRODUCTION
Nowadays due to the increasing demand of high data rate, more sophisticated modulation techniques such as 64 QAM, OFDM (orthogonal frequency division multiplex) and direct conversion transmitters (DCT) architecture is being used [1] [2] [3] [4] . These modulation techniques are sensitive to small imbalances between the In-phase (I) and Quadrature (Q) paths of DCT. Their performance can be severely affected by these RF impairments called I/Q imbalances [5, 6] , hence, IQ imbalance has been identified as an important front-end effect for OFDM and DCT systems. As well as degrading the efficiency of available spectrum, these impairments cause Mirror-Frequency Interference (MFI) in receiver side [7] .
Moreover, I/Q imperfections influences the Pre-distortion used for Power Amplifier (PA) and it-degrades the baseband (BB) pre-distortion [8] . I/Q imbalance consist of frequencyindependent part in the quadrature modulator (QM) which is caused by Local Oscillator (LO) and carrier leakage as well as the frequency selective parts introduced by baseband Low Pass Filters (LPF). For accurate modeling and compensation, in case of broadband systems such as 4G LTE, both parts have to be taken into account [6, [8] [9] [10] [11] . To date, several techniques have been proposed to estimate and compensate the Quadrature Modulator's (QM) imperfections in Direct Conversion Transfer (DCT) [8] [9] [10] [11] [12] [13] [14] [15] . The method presented in [16] considers a digital post correction at the receiver side. To estimate and compensate the IQ imbalance, some methods have been proposed based on training signals [12, 16] . The QM imperfections in receiver side are compensated using Least Mean Square (LMS) algorithm in [8, 10] . In [17] , authors proposed a technique to jointly compensate the amplifier nonlinearity and QM errors based on minimization of the out-of-band power. However, the effects of QM imperfections has shown jointly with Power Amplifier's imperfections and not separately. Moreover to achieve joint compensation, complexity has been sacrificed. In [15, 18] adaptive technique proposed which can jointly compensate the PA nonlinearity and QM with the help of an additional feedback.
The contributions of this paper are the followings, in section 2 different models for channel estimation as well as required formulas for the simulation of IQ imperfections is introduced. Next a digital compensator model is proposed according to the mentioned IQ model. In section 3, LMS algorithm is being introduced as an adaptive algorithm for compensation of IQ imperfections. Section 4 represents simulation results of I/Q imperfections along with least mean square algorithm and digital compensator.
In this study, proposed system is being evaluated in terms of the accuracy of Quadrature Modulator Compensator (QMC) as well as accuracy in the speed of convergence in the previous studies.
II. IQ IMPERFECTIONS

A. Channel modeling
There are 3 types of channel modeling for frequency independent I/Q imperfections. These 3 types are shown in Fig.1 [13] .
real I/Q model:
This model uses 4 real filters for modeling the imperfections. The channel output can be written as
is additive white noise and "d" represents dc offset.
Since all the complex operations should be done in real numbers, for implementation purposes, this model would be convenient.
Complex I/Q model
This model is based on the following equation:
In cases of channel estimation this model would be more preferred to real I/Q model due to the lower level of required calculations. Moreover, since the inputs are real sequences, it leads to a real correlation matrix in the estimation process [13, 19] .
Direct /image modeling
The complex model in (1) gives the relationship between imaginary and real parts of input signal. It can be shown as: 
B. IQ imperfection model
In this paper Direct/Image model is being used for channel modeling. Let є and θ denote gain (amplitude) and phase imbalance. According to Fig.1 the distortion caused by the IQ imbalance in QM can be modeled by: * (6) Where:
is a complex baseband representation of the QM's distorted output signal.
C. IQ Imperfection compensator model
In order to compensate IQ imperfections in QM, a Quadrature Modulator Compensator scheme (QMC) should be designed. For this purpose, an IQ imbalance compensator based on digital pre-distortion would be recommended due to the easer implementation as well as lower level of cost [18] .
To compensate the imperfections, block diagram shown in fig.2 is being used. For this condition to be true, diverse of (6) should be found [20] . Given the conditions and after some algebraic manipulations, equation (9) can be represented as * (9) And should be diverse of and given (6-7) and (9) yields: * (10)
And (11) III. QUADRATURE MODULATOR COMPENSATOR In this part the channel coefficients would be estimated with the purpose of converging the estimation matrix " " to H. Later, using , "dα and dβ" in equations (10) and (11) would be calculated.
To do so any estimation algorithm may be used depending on the desired performance, convergence speed and complexity. Given the nature of I/Q imperfection that varies over the time, algorithm used for compensations, are better to be adaptive. In asymmetric model of Fig.2 , Least Mean Square Method (LMS) and Recursive Least Square (RLS) can be applied as promising adaptation techniques. In this study LMS algorithm is being used [21, 22] . The compensation block diagram is shown in Fig.3 . An ideal envelop detector is being used in the feedback path. An Ideal ED's output can be related to the input signal by: (12) It should be mentioned that due to the very large band width requirement of ED, which is typically 10 times the input signal ,using ED would not be cost constraint and also suitable for broad band signals such as 4G LTE [6] .
A. Least Mean Square (LMS)
In the following, LMS algorithm for estimation of the I/Q imbalances is derived based on the envelope of output signal at quadrature modulator. The adaptation of LMS is to minimize the cost function C. C can be defined as: (13) Where e[n] is the error of current sample "n" and can be calculated as − * (14) And * *
Where:
And E {.} denotes the expected value, Z is the output and G is input [23] [24] [25] .
Expected value E can be estimated using:
The adaption algorithm for weight function is
In order to estimate the channel using LMS, fig.4 block diagram is being used. In this section the IQ imperfections would be modeled using direct/image modeling with WCDMA (Wideband Code Division Multiple Access) as input signal. Channel is being estimated and the proposed LMS algorithm is being evaluated in terms of speed of convergence and accuracy. Then QMC and QM are modeled together and results are being compared with the previous works that have been performed using RLS algorithm. Recursive least squares (RLS) is a commonly used algorithm for compensation by other studies. In this study frequency selective effects and DC offset has been ignored in the simulations but can be a promising research topic for future works. Fig.5 shows the QM's output signal for cases of different phase and gain imbalances. In addition to ideal IQ imbalance case, the following four IQ imbalance cases were considered: case A, with 2 degree 2 % , case B with 5 degree 5 % , case C with 7 degree 7 % and case D, with 10 degree and 10 % of phase and gain imbalance respectively. As it can be seen in Fig.5 Increasing in phase and gain imbalance results in increasing the imperfections. According to this figure, as I/Q imbalance increases, the cumulative distribution function (CDF) of output goes more away from the CDF of the Input signal.
IQ imperfections can be limited by careful analog design. Imperfections can be limited up to 2 degrees for phase and 2% for gain. As it can be seen in the fig.4 even 2% and 2 degrees of imbalances distorts the output in high level and should not be ignored.
A. Channel estimation
Using the proposed LMS algorithm channel is being estimated and the results can be seen in fig.6 Fig. 6. Total LMS error, Mean Square Error(MSE) of , Fig.6 shows the error function versus Data number in dB. As it can be seen the error is significantly low after 30 data numbers. Low level of error shows the perfect ability of LMS to estimate the parameters of channel. Following the estimation of channel, the parameters will be used in quadrature modulators compensator in order to compensate the output of compensation block as shown in Fig.2 . Estimated values in previous section are being used to calculate dα and dβ and then they used to update the QMC. It is noteworthy to mention that initial condition of QMC is set to be identity. By doing so for first symbol of data, QMC would not have any effects on the input signal. The simulation results can be seen in fig.8 . Fig.8 shows the CDF of Z(n) before and after compensation as well as K(n).As it can be seen , after updating the QMC by the estimated values the distortions have been compensated and level of distortion decreased dramatically leading to CDF of the compensated output to be close to input.
In previous studies, RLS algorithm has been used [18] . TABLE.1 shows the difference between QM's output with the QMC working in the system and the ideal case, in which, QM does not have any imperfections. Results are shown in dB for RLS and LMS after 65 iterations in the same imperfection scenarios for both algorithms.
Error can be seen in TABLE.1. For the cases of the same phase and gain imbalance, after 65 iterations the RLS algorithm could estimate the IQ frequency independent imperfections with the error of -32 dB, whereas for the same conditions, according to fig.6 the proposed LMS algorithm's finial error was -40dB which is 8dB less than RLS method in [18] .It shows that proposed LMS would converge faster to the estimations values. V. CONCLUSION By increasing the demand of high data rate transmission, it makes the designers to incorporate the OFDM and DCT in their systems; however they are sensitive to Quadrature Modulation imperfections (I/Q imbalance). In this paper simulations showed the correlation between the level of imbalance and Error in Output signal. Due to this high level of correlation, using a digital compensator is essential. Proposed LMS algorithm could compensate the I/Q imperfections perfectly. The LMS algorithm used in this study could converge faster and is about "-8dB" more accurate that RLS-which is a commonly used method-for the same data number.
